Abstract-In this study, using the collected data from 4 slope failures in one of the central mines of Iran, the shear strength parameters of jointed and crushed rock masses using back analysis method are calculated and its results are compared with the values obtained from the empirical methods. In this regard, firstly, the identification of failures is investigated and then geometrical and geological engineering parameters of slopes are collected and recorded by field survey. At this stage, using the Hoek-Brown criterion, shear strength parameters of the rock mass are estimated. Then, using appropriate software for slope stability analysis (limit equilibrium method software: SLIDE and numerical method software: FLAC), and assuming that safety factor is one, the shear strength parameters for sliding surfaces are determined. Finally, the results obtained from this analysis are compared with the results of the empirical methods and then suggestions are made to modify the input data of empirical method.
I. INTRODUCTION
Determining the appropriate values with a certain level of confidence for the shear strength parameters of rock mass is very important in the design and sustainability of structures constructed in rocks such as tunnels, mines, etc. Intact rock parameters and joint properties, control the response of the rock mass. The behavior of rock mass with a few joints and fractures is anisotropic, in which the rock mass strength depends on the number, direction, spacing and shear strength of discontinuities [1] .
The direct measurement of the mechanical properties of jointed rock masses using laboratory experiments are far from precise due to the effect of sample dimensions, discontinuities, unknown geometry of the fracture system before testing and the inherent complexity of geometric parameters [2] . Laboratory tests carried out on a rock mass cannot cover all unknown parameters in site and requires several methods for reliable estimates [3] - [6] . Many researchers have studied the strength of jointed rock mass. Today, there are many methods for estimating the shear strength of rock mass. One of these methods is back analysis. In this method, geomechanical parameters of rock mass can be obtained by knowing the failure mechanism and collecting the required information from the unstable slope [7] . This method is one of the most reliable methods in determining shear strength parameters in soil and rock slopes because it is a large-scale shear test and the values obtained from this method are more accurate than those obtained in the laboratory or in-situ test [8] , [9] .
Researchers often use numerical and limit equilibrium methods for back analysis. In selection of an appropriate method for back analysis, the process and mechanism of instability must be well understood [10] - [14] . According to the characteristics of the rocks, the stability analysis methods of rock slopes are classified into two general categories. The first category is used for hard jointed rocks and the second category is used for heavily jointed rocks or weak rock masses [15] . The limit equilibrium method is suitable for both categories. In the first group, with the limit equilibrium method, the shear strength parameters can be calculated form back analysis along the instability. But in the second category, the shear strength parameters are obtained by the methods which are developed for measuring stability of soil slopes [10] , [16] . In limit equilibrium method, there is no possibility of examining internal deformities and progressive failures. For solving this problem, continuous and discontinuous numerical methods are commonly used [17] .
In numerical modeling, it is possible to make an accurate prediction of deformation, the stability of slope, and load values; also, the model can have a broad insight into the responses of a system for parametric studies [18] . In numerical methods, shear strength reduction technique is usually used to slope stability analysis. In shear strength reduction technique, the shear strength parameters of soil, including cohesion and angle of internal friction are gradually reduced with a decreasing coefficient, until the slope becomes unstable. Finite Difference Method (FDM) is one of the most widely used numerical methods that can provide the necessary view needed for engineering judgment by reducing the remaining shear strength, changing the failure criterion for rock, calculating the stress-strain of slopes and evaluating displacement of sliding [19] .
Another method used to determine the shear strength parameters is the empirical method of Hoek-Brown criterion. The Hook-Brown criterion is one of the most important criteria in rock mechanics, and this criterion can be used to determine the shear strength parameters. In this method, first, we should estimate the normal stresses on the failure plan with available methods of slope stability; then, calculate the shear strength parameters based on Hoek-Brown criterion and normal stresses [20] - [22] .
In this paper, four slope failures in one of the central mines of Iran are identified. During field survey of the study area, using the field observations and laboratory studies, physical and mechanical properties of the rock masses in the mine area were determined. Then the shear strength parameters of the unstable rock masses are estimated using the back analysis method (limit equilibrium and numerical method) and their results are compared with values obtained from the empirical method.
II. MATERIALS AND METHODS
The research was carried out in one of the central mines of Iran. This mineral area is located in longitude between 55 ° 20 'and 55 ° 24' eastern, and latitude between 29 ° 2 'to 29 ° 5' north. Based on field studies in the studied area, four unstable slopes are identified, as described in Table I .
The mechanism of four identified instabilities is circular and characteristics of each failure including lithology of materials, height, gradient, mechanism of instability, and geomechanical condition of rock masses are provided in Table I . In Fig. 1 and 2 , the location of 4 unstable rock masses is shown on a satellite image and Pitt plan. In Fig. 3 images of unstable slopes are shown. In Fig. 4 , the flow diagram of study methods is shown. In the beginning, through the field survey, the failure slopes are identified and then the sliding surface properties are determined. Estimation of the shear strength parameters of the sliding surface is performed by back analysis method respectively by limit equilibrium method (Slide software) [23] , numerical method (Flac software) [24] , and empirical method of Hoek-Brown (RocLab software) [25] , and results are compared. Estimation of shear strength parameters by back analysis method using limit equilibrium method (Slide software)
Estimation of shear strength parameters by back analysis method using numerical method (Flac software)
Estimation of shear strength parameters by back analysis method using empirical method (Hoek-Brown criterion)
Compare the results obtained from back analysis with the results of experimental methods
III. GEOLOGICAL ENGINEERING PROPERTY OF UNSTABLE UNITS
In the study area, 5 engineering geology units are identified and separated. In Table II , in addition to specifying each unit of rock, also structural features, values of RQD, basic RMR, GSI, strength properties including modulus of elasticity and Hoek-Brown constants are provided. The lithology of the studied rocks is determined by field surveys, sample preparation, and laboratory tests. Uniaxial compressive strength and deformation properties are determined by uniaxial compression tests in the laboratory. The RQD values for each unit are obtained with respect to the amount of recycled cores on the site; then, using the values of uniaxial compressive strength, RQD, condition, and distance between joints, RMR values are calculated for each unit. GSI values are estimated from field observations based on the structure of rock masses and surface conditions of joints on the GSI chart and finally, the Hook-Brown criterion constants are obtained using empirical equations and GSI values. 
IV. INPUT PARAMETERS
The input parameters of Slide software are presented in Table III . Input values of the Slide software include geometry of slope and unit weight of rock mass, which physical and mechanical properties of rock masses are obtained through laboratory experiments. The input parameters of the Flac software are presented in Table IV . Density, bulk module, shear module, tension strength and elastic module are calculated in the laboratory. The permeability of rock masses is determined by in situ tests. The difference between back analysis method in the numerical software of Flac and limit equilibrium software of Slide is that in the numerical method, unlike the equilibrium method, there is no possibility of imposing a precise failure plane in software. Therefore, it is necessary to carefully determine the values of cohesion and angle of internal friction until the failure plane has the maximum geometric similarity to the actual failure plane in the safety factor equal to one. Input parameters for RocLab software are provided in Table V . The values of the Hoek-Brown constants were calculated from field observations and using existing empirical equations. 
V. ESTIMATION THE SHEAR STRENGTH PARAMETERS OF FAILURES

A. Limit equilibrium method
In the limit equilibrium method, the profile of slopes is drawn in the Slide software with respect to the geometric characteristics of slope and sliding surface, and input parameters entered into Slide software according to Table  III . By putting the geological engineering parameters in the corresponding software, the values of shear stress and effective stress at the moment of siding are calculated, considering safety factor equal to 1 for all failures. In Fig. 5 , the profile of unstable slopes with the values of shear stress and effective stress is shown. In all profiles, 25 pieces was considered to be analyzed in Slide software. In the failure No. 1, height of bench is more than 18 meters and it is executed with a gradient of 49 degrees. Tension cracks are formed and developed at the upper surface of bench and effects of initial movement are evident. In failure No. 2, depth of the tension cracks was about 1 meter which these cracks were saturated with water, and it seems that water plays very important role in instability of this slope. The gradient angle of failure No. 2 is approximately at the same with failure No. 1; besides, failure No. 2 is saturated and failure No. 1 is dry and the material involved in both failures are similar (engineering geology unit CS-I), so it is expected that the shear strength parameters in failure No. 2 would be much higher than shear strength parameters failure No. 1 in order to stay stable. In failure No. 3, sliding surface is started from a depth of about 3 meters from a tension crack and after the occurrence of sliding; a steep to a height of about 3 meters is created. These tension cracks partially are filled with water. It should be noted that the sliding surface has not passed through the magnetite unit; therefore, only weight of this layer has been affected by the sliding mass and its weight is included in the calculations. The sliding surface failure No. 4 is passed from a height of about 3 meters to the heel of the bench and the slope height is about 12 meters. The results of back analysis on the profile of failures using SLIDE software are shown in Fig. 6 . In this figure, all possible values for parameters of C (cohesion) and φ (angle of internal friction) for rock mass with a plus symbol (blue points) are shown and values of parameters C and φ for safety factor equal to one (limit equilibrium) with square symbols (red points) are shown for any failure. 
B. Numerical method
In this method, at first, according to the height and gradient of slopes, models are made; then, according to Table IV , the input parameters are entered into Flac software and back analysis numerically is performed for all failures. In the Flac software, with the change of cohesion and angle of internal friction, the best sliding surface, which its distance from the edge of bench is equal to distance of tension crack from the edge of bench and also its safety factor is equal to 1, is obtained and the values of cohesion and angle of internal friction in this case is for failure mode. The values obtained for cohesion and angle of internal friction are presented in Table VI . In Fig.7 , outputs of Flac software are shown for all failures. These figures show the points with the highest shear strain. In fact, these points indicate the sliding surface of failures. 
C. Empirical method
In the empirical method of Hoek-Brown criterion, according the Table V, input parameters for RocLab software are entered. Accordingly, the values for parameters of C (cohesion) and φ (angle of internal friction) can be estimated for the normal stresses at the sliding surface. Fig.  8 shows the output plot of the RocLab software for failure No. 1, 2, 3, and 4, respectively. As seen in the Fig. 8 , the values of these parameters are estimated according to the normal stresses at the sliding surface. Fig. 9 , there is a good agreement between results obtained from the three methods. It is safe to say that reason for relative increase in values of these parameters in the numerical method (FLAC software) in comparison with limit equilibrium method (SLIDE software) is mainly due to the difference in analysis method in which the FLAC software uses the strength reduction method to estimate the shear strength parameters; while the SLIDE software uses limit equilibrium method to estimate these values [26] . Therefore, numerical methods give values of shear strength parameters more conservatively, yet more realistic. Also, amounts of parameters of cohesion and angle of internal friction obtained from the Hoek-Brown method are found within the defined range for both methods (numerical and limit equilibrium method) which this factor, not only verifies calculation of the Hoek-Brown criterion in this failure, but also confirms accuracy of input parameters in this criterion.
In failure No. 2, the values of shear strength parameters obtained by back analysis method (both limit equilibrium and numerical method) have a fairly good agreement and overlap. However, the values of cohesion and angle of internal friction obtained from the Hoek-Brown criterion is very different from two other methods for failure No. 2. The reason for this difference is that underground water has reduced effective stress and this reduction changed these values in the Hoek-Brown criterion. However, consequence of effective stress reduction is increasing values of shear strength parameters at the moment of instability. In other words, in order to start a sliding in a saturation slope, values of the shear strength parameters are much higher than those of a slope in the dry area. This factor is taken into account in both limit equilibrium and numerical analyzes, while it is not taken into account in Hoek-Brown criterion. In failure No. 3, like failure No. 2, values of shear strength parameters obtained by back analysis method (both limit equilibrium and numerical method) have a fairly good agreement and overlap. Also, in this failure, considering that groundwater is considered as an effective parameter in sliding, the Hoek-Brown criterion is ineffective because it cannot properly consider role of water. In this failure, groundwater has significantly increased the amount of angle of internal friction in the Hoek-Brown criterion at the moment of sliding.
In failure No. 4, comparison of the shear strength parameters obtained from the three methods has shown a relatively good correlation between these values. Also, in this failure, like failure No. 1, 2, and 3 the shear strength parameters in the numerical method are determined slightly higher than limit equilibrium method, which is due to the difference in analysis method.
VII. CONCLUSION
In this study, by studying 4 unstable slopes in one of the central mines of Iran, 5 geological engineering units including of Chlorite-Schist (CS-I), lower Magnetite (M-I (II)) and Hematite (O-I (II)) are identified. Field surveys showed that in all 4 failures, sliding surface is circular and materials are severely weathered and they have a lot of discontinuities. This weathering and discontinuity has caused rock masses to be similar to soil materials.
By combining the results from field observations and laboratory tests, engineering properties of materials for failures are determined. Then, shear strength parameters of the sliding surface using back analysis method by three methods of limit equilibrium, numerical and empirical are obtained. The range of shear strength parameters in four failures is compared. There are fairly good agreement and overlap between the results of limit equilibrium, numerical and empirical methods in failures which occurred on dry slopes. This confirms accuracy of the input parameters in the Hoek-Brown method. Therefore, it can be said that due to the simplicity of the Hoek-Brown method in dry slopes, using this method can provide acceptable results.
In failures occurred in saturation slopes, although there is good agreement between the results obtained from limit equilibrium and numerical methods, there is a significant difference between the results of these two methods and those of empirical method. The reason is that presence of water reduces the effective stress and increases the shear strength parameters at the moment of the sliding, and the Hoek-Brown criterion does not consider this increase in the shear strength parameters during the sliding in its calculations. Therefore, using Hoek-Brown criterion in saturation slopes should be carried out with caution and accompanied by limit equilibrium and numerical analysis. Anyway, in both failure No. 2 and 3, the Hoek-Brown criterion did not provide appropriate values for shear strength parameters and usage of this criterion is not recommended for obtaining shear strength parameters in similar hydrogeological conditions.
